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Abstract 16 

Multiwall carbon nanotubes (MWCNTs) are nanofillers used in consumer and structural 17 

polymeric products to enhance a variety of properties. Under weathering, the polymer matrix will 18 

degrade and the nanofillers may be released from the products potentially impacting ecological or 19 

human health. In this study, we investigated the degradation of a 0.72 % (by mass) 20 

MWCNT/amine-cured epoxy nanocomposite irradiated with high intensity ultraviolet (UV) light 21 

at various doses, the effects of UV exposure on the surface accumulation and potential release of 22 

MWCNTs, and possible mechanisms for the release resistance of the MWCNT surface layer 23 

formed on nanocomposites by UV irradiation. Irradiated samples were characterized for chemical 24 

degradation, mass loss, surface morphological changes, and MWCNT release using a variety of 25 

analytical techniques. Under 295 nm to 400 nm UV radiation up to a dose of 4865 MJ/m2, the 26 

nanocomposite matrix underwent photodegradation, resulting in formation of a dense, entangled 27 

MWCNT network structure on the surface. However, no MWCNT release was detected, even at 28 

very high UV doses, suggesting that the MWCNT surface layer formed from UV irradiation of 29 

polymer nanocomposites resist release. Four possible release resistance mechanisms of the UV-30 

induced MWCNT surface layer are presented and discussed.     31 

  32 



1. Introduction 33 

Nanocomposites, materials containing a nanofiller (defined as any particle with a 34 

characteristic dimension between 1 nm and 100 nm) incorporated into the matrix material (e.g., 35 

polymer, ceramic), often have novel or enhanced properties as compared to the unmodified matrix 36 

material [1]. For nanocomposites incorporating multiwall carbon nanotubes (MWCNTs), these 37 

changes may include enhanced mechanical strength, flame retardant capacities, or electrical 38 

properties [2, 3], advantages that have or may result in potential applications in  aerospace [4], 39 

construction [5], and consumer products [6].  40 

For widespread market adoption of nanocomposites, it is important to understand if the 41 

nanofillers might have any adverse impacts. This could occur if environmental stresses (e.g., 42 

biodegradation, ultraviolet (UV) light, and moisture) cause release of the nanofiller [6-18]. 43 

MWCNTs are one nanofiller of concern for potential environmental and/or human health effects 44 

due to its high aspect ratio [7, 19-24]. There have been a number of studies conducted to date on 45 

release of MWCNTs due to mechanical stresses (e.g., abrasion, sanding, polishing) [1, 23, 25-35], 46 

yet fewer on the fate and release caused by environmental stresses [14, 17, 23, 31, 32, 36]. Recent 47 

studies on the potential toxicological effects of materials released from MWCNT nanocomposites 48 

have not shown increased toxicity compared to particles released from the polymer matrix under 49 

the environmental conditions tested [14, 23, 32, 33]. While release of individual MWCNT from 50 

nanocomposites has been detected in a few studies after abrasion [23, 30, 33] or sanding [29], most 51 

studies have not found detectable MWCNT release by exposures to weathering environments [13, 52 

25-28, 31, 32, 35]. In fact, numerous studies have shown MWCNT accumulation on the 53 

nanocomposite surface after exposures to UV radiation [14, 17, 28, 31, 32, 37], the most dominant 54 

weathering element known to cause severe degradation of polymeric materials used outdoors  [38]. 55 



The factors that cause MWCNT agglomeration and network formation on the surface are not yet 56 

well understood. In a previous study at a high MWCNT loading (3.5 % mass fraction based on the 57 

polymer solid matrix; all percentages in this study refer to a mass percentage of MWCNTs in the 58 

composite materials), we have observed a strong photostabilization effect of the epoxy matrix by 59 

MWCNT and a measurable quantity of MWCNT accumulated on the nanocomposite surface after 60 

exposure to UV radiation [37]. The impacts of UV irradiation on nanocomposites containing much 61 

lower MWCNT loadings are not known. Further, the main focus of the previous work was to 62 

develop methodologies for characterizing surface chemistry changes of the nanocomposites 63 

resulting from UV exposure, without any attempts to measure MWCNTs released from the 64 

irradiated nanocomposite.  65 

In this study, we have investigated, using a suite of analytical methods developed and 66 

applied in our previous publication [37], the dose-dependent effects of UV irradiation on the 67 

degradation, surface accumulation, and potential for nanofiller release from nanocomposites 68 

containing a one-fifth of the MWCNT loading than previously studied, namely a 0.72 % MWCNT 69 

epoxy nanocomposite sample compared to the previously tested 3.5 % MWCNT epoxy 70 

nanocomposite sample. The results of this and previous experiments will provide essential data to 71 

assess the role of MWCNT concentration on the impact of UV radiation on MWCNT surface 72 

accumulation and release potential from a polymer nanocomposite. These experiments were 73 

conducted via accelerated aging using intense UV radiation with the same spectral regime as the 74 

UV portion of natural sunlight (295 nm to 400 nm) at elevated temperature (50 °C) and humidity 75 

(75 % relative humidity) in the National Institute of Standards and Technology (NIST) SPHERE 76 

(Simulated Photodegradation via High Energy Radiant Exposure) [39]. Based on our experimental 77 

results, which showed severe degradation of the matrix and a substantial MWCNT surface 78 



accumulation at both MWCNT loading concentrations but without an apparent release after a very 79 

high UV dose (4865 MJ/m2, i.e., 9-month exposure), we present four potential mechanisms to 80 

explain the strong release resistance of the MWCNT surface layer formed on nanocomposites by 81 

UV irradiation. However, additional mechanical and environmental stresses to the nanocomposite 82 

after UV irradiation could also potentially result in release during the use, disposal, or recycling 83 

of MWCNT nanocomposites [34, 35, 40].          84 

2. Experimental Section 85 

2.1. Materials and Sample Preparation 86 

Epoxy nanocomposite films containing a 0.72 % mass fraction of MWCNTs were used in 87 

this study. The matrix was a stoichiometric mixture of a diglycidyl ether of bisphenol A (DGEBA) 88 

epoxy resin having an equivalent mass of 189 and a polyoxypropylenetriamine curing agent. The 89 

epoxy matrix was used without UV stabilizers or additives. MWCNT was a commercial 1 % mass 90 

fraction pre-dispersed product in the same epoxy resin. To better understand the starting material, 91 

the sizes of the MWCNT were investigated using scanning electron microscopy (SEM) after 92 

extraction from the epoxy resin using a toluene extraction procedure described previously [37].  93 

The estimated average MWCNT diameter was 20.5 nm with a standard deviation of 4.0 nm 94 

(n=200), and the lengths predominately ranged between 200 nm and 2 µm; challenges associated 95 

with accurately obtaining a MWCNT length distribution have been previously described [41].  96 

SEM micrographs and a histogram of the MWCNT diameters are provided in Figure S1.  97 

Free-standing films of unfilled epoxy (neat) and 0.72 % MWCNT epoxy composite were 98 

fabricated (note that the 1% mass fraction MWCNT in the epoxy resin is reduced to 0.72 % mass 99 

fraction in the amine-cured epoxy). Neat epoxy and MWCNT epoxy nanocomposite films were 100 

prepared by adding appropriate amounts of amine curing agent directly to the epoxy resin or the 101 



MWCNT pre-dispersed epoxy resin, respectively, and stirring for 1 h with a magnetic stirrer. After 102 

degassing for 1 h at room temperature, the epoxy/amine/MWCNT mixture was drawn down on a 103 

polyethylene terephthalate sheet attached to a vacuum table using a bar applicator to produce free 104 

standing films having a thickness of approximately 150 µm (cross sectional analysis performed by 105 

laser scanning confocal microscopy). Reagent grade toluene (purity > 99.5 %) was used for all 106 

composite processing. All coated samples were cured at ambient conditions (24 °C and 45 % 107 

relative humidity) for three days, followed by post-curing at 110 °C for 4 h in an air circulating 108 

oven.  The dispersion of MWCNTs in the amine-cured epoxy matrix was good, as shown by SEM 109 

cross section imaging presented elsewhere [42].    110 

2.2. UV Irradiation   111 

UV irradiation of neat epoxy and MWCNT epoxy nanocomposite films was performed 112 

using a NIST-developed 2 m SPHERE [39] as previously described [37]. This SPHERE UV 113 

chamber utilizes a mercury arc lamp system that produces a collimated and highly uniform UV 114 

flux of approximately 140 W/m2 in the UVB and UVA (295 nm to 400 nm) range, which is the 115 

most detrimental range on polymer degradation. Although the spectrum of this light source 116 

contains some radiation having wavelength in the visible range (Figure S2), previous studies [43, 117 

44] on wavelength effect indicated that the degradation of epoxy caused by radiation > 400 nm is 118 

very small (<1 % of UVB region). In addition, previous results from our laboratory have shown 119 

similar degradation mechanisms for multiple experimental conditions between epoxy samples 120 

degraded in the NIST SPHERE and in the outdoor environment [43]. The stability of this light 121 

source during the experiment was evaluated, and it was shown that there was essentially no change 122 

in radiation intensity in the 295 nm to 400 nm region after three months of exposure (Figure S2).  123 

It can also precisely control the relative humidity (RH) and temperature. In this study, 25 mm x 25 124 



mm specimens were exposed in the SPHERE UV chamber at 50 oC and 75 % RH. Importantly, 125 

the choice to run the experiments at 50 oC was made to increase the degradation rate and also 126 

because we have observed that the temperature on composite surfaces during summer outdoor 127 

exposure often reaches 50 oC or higher even if the ambient temperature in the environment is 128 

lower. Specimens were removed at specified UV doses for various characterizations. For assessing 129 

the release of MWCNTs, specimens having a surface area of approximately 78.5 cm2 and a 130 

specially-designed sample holder described previously [9] were employed. This holder consisted 131 

of a sample chamber, inlet and outlet to supply humid air to the irradiated specimen, and collectors 132 

placed at the bottom of the holder to collect any released particles. A cover made of quartz that 133 

allows UV radiation transmitted through and irradiated the specimen was used to seal the holder. 134 

A humidity sensor was placed inside the sample holder to monitor RH of the exposure 135 

environment. Three types of material having a dimension of approximately 5 mm x 5mm were 136 

placed on the collector surface: white poly(tetrafluoroethylene) film, highly polished silicon plate, 137 

and conductive tape. The surface of all three liners were analyzed after UV irradiation.  A picture 138 

of the MWCNT-release assessment holder containing a 0.72 % MWCNT epoxy nanocomposite 139 

specimen is displayed in Figure S3. 140 

2.3 Characterization of UV-irradiated Nanocomposites   141 

Mass loss, chemical degradation, surface morphological changes, and release of MWCNTs 142 

from UV-irradiated specimens were characterized as a function of UV dose. Mass loss was 143 

measured using an analytical balance (Mettler Toledo AB265-S, Columbus, OH) having a 144 

resolution of 10-5 g, and is expressed as: (Mt-Mo)/Mo x 100, where Mt is the specimen mass at 145 

irradiation time t, Mo is the specimen mass before irradiation. Chemical degradation was measured 146 

with Fourier transform infrared spectroscopy in the attenuated total reflection mode (FTIR-ATR) 147 



and X-ray photoelectron spectroscopy (XPS). FTIR-ATR spectra were recorded at a resolution of 148 

4 cm-1 using dry air as a purge gas and a spectrometer equipped with a liquid nitrogen-cooled 149 

mercury cadmium telluride (MCT) detector. All spectra were the average of 128 scans. The peak 150 

height was used to represent the infrared intensity, which is expressed in absorbance, A. All FTIR 151 

results were the average of four specimens. XPS measurements were performed on an Axis Ultra 152 

DLD spectrophotometer using 150 W (10 mA, 15 kV) monochromatic, Al Kα X-rays with 153 

photoelectrons collected along the surface normal at 20 eV pass energy.  Photoelectrons were 154 

counted at 0.050 eV steps for 500 ms/step and 2 sweeps. XP spectra of the C (1s) region were 155 

taken without charge neutralization for detection of MWCNT surface enhancement, and spectra 156 

for semi-quantitative elemental analysis were acquired with charge neutralization. Spectral 157 

analysis was conducted using CasaXPS with Tougaard backgrounds fitted to each C (1s) region 158 

regardless of the conditions the spectra were acquired.  Elemental analysis on neutralized spectra 159 

also factored in contributions from O (1s) and N (1s) from the epoxy matrix as well as Na, Ca and 160 

Si contaminants, each of which was fitted with a Shirley background. Elemental percentages are 161 

based on the peak area corrected with an elemental sensitivity factor of 1.685, 0.78, 0.477, 1.833, 162 

0.278 and 0.328 for the Na (1s), O (1s), N (1s), Ca (2p), C (1s) and Si (2p) regions, respectively, 163 

as provided by the manufacturer.  Contaminants are not shown in the results; however, Na, Ca, 164 

and Si were each < 1 % of the elemental percentages with the exception of the two highest UV 165 

doses, which had silicon at 1.8 % and 5.5 %, respectively.  Plotted data points are representative 166 

of the average of at least 3 measurements at different locations and the error bars represent one 167 

standard deviation. 168 

Surface morphological changes were characterized by scanning electron microscopy 169 

(SEM), atomic force microscopy (AFM), and electric force microscopy (EFM). The potential for 170 



MWCNT release after irradiation for 4865 MJ/m2 (i.e., 9 months of exposure) was examined by 171 

SEM imaging of the surface of all three collector liners. SEM analysis was performed using a Zeiss 172 

Supra-55VP Field Emission SEM. A 5 kV acceleration voltage was used for the surface analysis 173 

of the nanocomposites and acceleration voltages over 15 kV were applied during cross sectional 174 

analysis of the samples prepared by freeze fracture. As mentioned previously [37], the higher 175 

acceleration voltage allows for the visualization of MWCNT morphology within the embedded 176 

matrix by charge contrast imaging. Detailed procedures for AFM and EFM measurements were 177 

described previously [45]. Briefly, the conventional height and phase images were acquired in 178 

normal tapping mode using a Veeco Dimension 3100 atomic force microscope while the EFM 179 

images were obtained under lift-mode using a conductive AFM probe with an applied bias voltage 180 

ranging between −12 V and +12 V.   181 

3. Results and Discussion 182 

3.1. Effects of UV Irradiation on Bulk Material  183 

The mass loss of neat epoxy and 0.72 % and 3.5 % MWCNT epoxy nanocomposite samples as a 184 

function of UV dose in the NIST SPHERE was measured (Figure 1). The results for the neat epoxy 185 

and 3.5 % MWCNT nanocomposite were presented previously [37] and are included in this figure 186 

for comparison. All samples showed a small increase in mass at the lowest UV dosages. This result 187 

was likely due to moisture uptake when the samples were transferred from the 45 % RH ambient 188 

condition to the 75 % RH of the exposure chamber, causing a greater mass gain than mass loss 189 

from nanocomposite degradation. 190 



 191 

Figure 1. Remaining mass as a function of dose for neat epoxy, 0.72 % MWCNT epoxy 192 

nanocomposite samples, and 3.5 % MWCNT epoxy nanocomposite samples exposed to UV 193 

radiation at 50 ºC and 75 % relative humidity. Data for the neat epoxy and 3.5 % MWCNT epoxy 194 

nanocomposite samples is taken from Reference 37 with permission from Carbon. Results are the 195 

average of five specimens (except for the 775 MJ/m2 and 1089 MJ/m2 samples for the neat epoxy 196 

for which n=4), and error bars represent one standard deviation. 197 

 198 

For all samples, the mass loss increased as the UV dose increased; however, the MWCNT 199 

nanocomposite samples consistently had less mass loss than the neat epoxy samples. The rate of 200 

mass loss for the two MWCNT epoxy nanocomposites loadings was nearly identical. Since CNTs 201 

have been shown to photostabilize polymers by mainly radiation screening [46], this result 202 

suggests that the screening of UV radiation  by  the MWCNTs was not substantially impacted by 203 

the MWCNT concentration in the range of 0.7 % to 3.5 %.   204 
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3.2. Effects of UV Irradiation on Nanocomposite Surface Chemistry 205 

  Figure 2 shows the FTIR-ATR results from the neat epoxy and MWCNT epoxy 206 

nanocomposites samples after UV irradiation. We have described the results for the neat epoxy 207 

and 3.5 % MWCNT nanocomposite samples previously [37]. Thus, this discussion will focus on 208 

comparing the results for the 0.72 % MWCNT nanocomposite sample to the other two samples at 209 

two key IR bands: 1508 cm-1 (due to benzene ring) of the epoxy structure and 1726 cm-1 (attributed 210 

to aldehyde/ketone C=O stretching) formed during UV irradiation. Changes in the 1508 cm-1 and 211 

1726 cm-1 bands represent chain scission and photo-oxidation, respectively. The full difference 212 

FTIR-ATR spectra for the 0.72 % MWCNT nanocomposite sample are provided in Figure S4. 213 

Both MWCNT nanocomposite samples and the neat epoxy showed rapid degradation under this 214 

UV/RH/T environment with a similar decrease of the 1508 cm-1 band and increase of the 1726 cm-215 

1 band between 0 MJ/m2 and 166 MJ/m2. This result suggests that the degradation rate of the matrix 216 

surface layer (< 2.5 µm, [37]) in this dose range (i.e., early stage of degradation) was independent 217 

of the MWCNT loading. For both MWCNT epoxy nanocomposites, these changes reached a 218 

plateau at approximately 166 MJ/m2 dose, but they continued to advance until 270 MJ/m2 dose for 219 

the neat epoxy. Further, the difference in the level of degradation between the three materials was 220 

well separated between 166 MJ/m2 and 425 MJ/m2. In this range, the 0.72 % CNT composite 221 

exhibited a greater degradation than the 3.5 % composite did, likely due to the stronger shielding 222 

effect by the larger amount of CNTs accumulated on the surface of the latter. As described 223 

previously [37], the intensity decrease of the band at 1726 cm-1 at the highest dose for both 224 

MWCNT nanocomposite samples is probably due to the substantial accumulation of MWCNT on 225 

the sample surface (as shown by SEM and EFM images in a later section), which would decrease 226 

the ATR probing depth in the oxidized epoxy layer. In addition, the rough surface topography of 227 



the photodegraded MWCNT nanocomposite samples likely decreased the sample-ATR probe 228 

contact (hence intensity) and the band intensity of the epoxy matrix.  229 

 230 

 231 

 232 

Figure 2. Changes in FTIR-ATR intensity for (upper) 1508 cm−1 and (lower) 1726 cm−1 bands for 233 

neat epoxy, 0.72 % MWCNT epoxy nanocomposite samples, and 3.5% MWCNT epoxy 234 

nanocomposite samples before and after UV irradiation with varying doses. Data for the neat 235 

epoxy and 3.5 % MWCNT epoxy nanocomposite samples is taken from Reference 37 with 236 
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permission from Carbon. Each data point was the average of three specimens, and the error bars 237 

represent one standard deviation.  238 

  XPS analysis was applied to answer two questions: (a) are MWCNTs accumulating on the 239 

surface by UV irradiation in low MWCNT loading nanocomposites and (b) how does high 240 

intensity UV irradiation at very high doses impact the overall surface oxidation?  To answer the 241 

first question, we evaluated a stack plot of representative, unneutralized C (1s) spectra at each UV 242 

dose, as presented in Figure 3(a).  The spectral profiles are composed of two differentially charging 243 

regions.  The first region is reflective of the positively-charged epoxy region at higher binding 244 

energies, which is the only feature in the spectra of the unexposed composite and decreases in 245 

binding energy with increasing UV dose.  The second region, which only became evident after a 246 

sufficient dose of UV radiation (≈ 166 MJ/m2), is located at a static binding energy of ≈ 284.5 eV 247 

and is attributed to the conductive MWCNT mats that formed due to UV-induced removal of the 248 

surface epoxy contributions, as has been observed previously [37, 47].  In contrast with previous 249 

studies, after the C (1s) regions have reached a MWCNT-like state (dose ≈ 425 MJ/m2), the XP 250 

spectra continued to evolve suggesting that the surface of the nanocomposite continued to be 251 

modified.  One possibility is that the MWCNTs themselves were increasingly oxidized by the UV 252 

radiation.  253 

  To understand how increased UV dose impacts surface oxidation, the composite’s 254 

elemental contributions for the C (1s), N (1s), and O (1s) XP spectral regions measured from 255 

neutralized spectra were studied (See Figure 3(b)).  Over the course of the 4865 MJ/m2 UV dose 256 

irradiation, the surface carbon concentration decreased while the oxygen and nitrogen 257 

contributions increased as clearly indicated by the data for the samples exposed for 4865 MJ/m2.  258 

In the early stage of irradiation, however, there was some variation in the overall trend which can 259 



be more easily observed in the inset for the O (1s) plot. At low doses, the O (1s) surface 260 

concentration increased until it reached a value of (27.8 ± 0.4) % at ≈ 166 MJ/m2.   261 

 262 

Figure 3.  (a) Representative C(1s) spectra at different UV doses acquired in the absence of charge 263 

neutralization for the 0.72 % MWCNT epoxy nanocomposite samples.  Electron vacancies lead to 264 

unfilled, positively charged orbitals resulting in a surface characterized by a peak shifted to higher 265 

binding energies (epoxy charging) and the conductive MWCNTs begin to surface accumulate 266 

around 166 MJ/m2.  (b) Elemental analysis of the 3 dominant elements from separate XP spectra 267 

acquired under charge neutralization.  The    O (1s) region has an inset representative of the first 268 

500 MJ/m2.  Plotted data points are representative of the average of at least 3 measurements at 269 

different locations and the error bar represent one standard deviation. 270 



 271 

The oxygen content then decreased to (19.3 ± 0.2) % at ≈ 425 MJ/m2, after which it resumed its 272 

increase, albeit at a lower rate.  The carbon content followed an inverse trend, first decreasing in 273 

percent contributions followed by a switch to increasing at ≈ 166 MJ/m2
, and lastly changing to a 274 

decrease at ≈ 425 MJ/m2.  One possible explanation for this behavior is that the outermost surface 275 

layer, composed mostly of epoxy, was oxidized as a result of irradiation, raising the surface oxygen 276 

content.  Once the oxidized epoxy was degraded, the MWCNTs increased in surface concentration, 277 

resulting in a corresponding decrease in the oxygen content. This is consistent with the FTIR-ATR 278 

observations in Figure 2, which shows an initial gain in C=O functionality at 1726 cm-1 followed 279 

by a gradual loss in roughly the same doses as observed by XPS. The MWCNTs, which are more 280 

resistant to UV-induced oxidation, would subsequently be oxidized at a lower rate.   281 

3.3 Effects of UV Irradiation on Nanocomposite Surface Morphology 282 

The evolution of surface morphology of the 0.72 % MWCNT epoxy nanocomposite with 283 

UV irradiation dose is displayed in the SEM images (Figure 4). Very few MWCNTs were visible 284 

on the surface of the unexposed sample, but MWCNTs had appeared after 166 MJ/m2 dose (9 d). 285 

The concentration of MWCNTs on the sample surface increased with increasing dose until they 286 

mostly covered the surface for all samples exposed to a dose of at least 775 MJ/m2.  At this point, 287 

the MWCNTs have formed a dense layer on the nanocomposite surface. This observation is 288 

consistent with results from AFM and EFM imaging (Figure 5), which also revealed that the UV-289 

irradiated surface was mostly covered with MWCNTs after irradiation to the same dose.  Figure 5 290 

also showed that EFM technique, in particular the EFM phase mode, can provide a stronger 291 

contrast of MWCNTs on the surface of nanocomposites than that by the AFM technique.  This 292 



observation is consistent with a previous study on characterization of single-walled CNTs 293 

(SWCNTs) embedded in a polymer matrix [45]. From the microscopic results (Figures 4 and 5) 294 

and spectroscopic data (Figures 2 and 3), it is suggested that the increased MWCNT concentration 295 

on the nanocomposite surface with increasing UV irradiation dose was a result of the matrix 296 

degradation. As the epoxy matrix near the surface underwent photodegradation and was gradually 297 

degraded, MWCNTs in the nanocomposite were increasingly exposed on the surface [15, 48]. 298 

Overall, the results with the 3.5 % and 0.72 % MWCNT epoxy nanocomposite samples yielded 299 

similar results with a thick MWCNT surface layer being formed despite the substantial difference 300 

in the MWCNT loading of the initial nanocomposite samples. Similar MWCNT surface 301 

accumulation has also been observed for nanocomposites exposing to UV radiation in dry or wet 302 

environments [14, 17, 28, 32, 37].  303 

 304 



Figure 4. SEM images of 0.72 % MWCNT epoxy nanocomposite before and after UV irradiation 305 

at various doses. The scale bar is 1 m.         306 

 307 

 308 

Figure 5. AFM and EFM height and phase images of 0.72 % MWCNT epoxy nanocomposite   309 

surface before and after UV irradiation; a): AFM images before irradiation, b) AFM images after 310 

irradiation at 775 MJ/m2 dose, and c) EFM images after irradiation at 775 MJ/m2. Scan size is 311 

2 µm. For each pair, height image is on the left and phase image is on the right.  The height range 312 

of the image is roughly from 0 nm to 800 nm.  313 

  314 



SEM analysis of cross sections was also carried out to investigate the surface topography 315 

of the UV-irradiated 0.72 % MWCNT epoxy nanocomposite samples at 4865 MJ/m2 dose. The 316 

SEM images showed the formation of a MWCNT surface layer on the sample (Figure 6). In a 317 

 318 

 319 
Figure 6. SEM cross section images after 4865 MJ/m2 dose (top) and at high 320 

magnification(bottom) for the 0.72 % MWCNT epoxy nanocomposite samples. 321 



 322 

previous study, the electrical conductivity of the MWCNT surface layer after UV degradation was 323 

found to be five times greater than that of the bulk 3.5 % MWCNT nanocomposite [49]. A roughly 324 

similar thickness of the MWCNT surface layer was observed after UV irradiation in this study for 325 

two doses: 775 MJ/m2 (data not shown) and a much higher dose of 4865 MJ/m2. This finding 326 

suggests that the MWCNT surface layer was effectively shielding the epoxy matrix underneath 327 

from further degradation, thus limiting growth in the thickness of the MWCNT surface layer. 328 

Based on experimental evidence, theory, and simulation, the high electrical conductivity MWCNT 329 

surface layer formed by UV irradiation has been postulated as due to a combination of matrix 330 

removal and densification of the MWCNT-rich domains in the nanocomposites [49].  331 

 It is noted that the substantial amount of MWCNTs formed on the UV irradiated 332 

nanocomposite surface observed in this study was from an un-stabilized, model amine-cured 333 

epoxy matrix containing aromatic chromophores and electron rich N atoms in the polymer main 334 

chains. This epoxy material is known to degrade readily under UV irradiation.  For commercial 335 

epoxies where UV stabilizers are usually incorporated, the rate of matrix degradation during the 336 

early stage of exposure is low and it is expected that little or substantially fewer CNTs would be 337 

located on the nanocomposite surface. However, in prolonged exposure (duration depends on 338 

concentration and efficacy of the stabilizers) when the amount of UV stabilizers has been 339 

substantially decreased or depleted due to both photodegradation and physical leaching, the 340 

degradation of the matrix is increased, and it is expected that significant MWCNT would be 341 

formed on the nanocomposite surface as observed in this study.      342 

3.4. Mechanisms of Release Resistance of the MWCNT Surface Layer 343 



In addition to measuring the matrix degradation and surface morphological changes, which 344 

assessed removal of the epoxy surrounding the MWCNTs, this study also assessed the possibility 345 

of MWCNT release caused by the UV irradiation of nanocomposite. This was performed by SEM 346 

imaging at high magnification the surfaces of the three liners placed at the bottom of the sample 347 

holder (Figure S3) after UV irradiating a 0.72 % MWCNT epoxy nanocomposite specimen having 348 

a surface area of 78.5 cm2 for 4865 MJ/m2 dose (9-month exposure) using the same SPHERE UV 349 

chamber. Despite a thick MWCNT surface layer formed on the nanocomposite surface (Figures 350 

4,5,6), the result showed no evidence of either nanocomposite fragments or individual MWCNT 351 

on the collector surfaces. This result is in contrast to those from nanocomposites of the same epoxy 352 

matrix containing spherical nanosilica. In experiments on these composites, substantial 353 

nanocomposite fragments and individual silica nanoparticles were found on the collector surface 354 

after irradiating the same size sample exposed to the same UV source for 775 MJ/m2 dose [9]. This 355 

lack of MWCNT spontaneous release (i.e., without applied mechanical forces) observed in this 356 

study is similar to that reported previously for other polymer MWCNT composites exposed to 357 

weathering environments [14, 17, 28, 32, 37].  It is also in line with other studies that reported a 358 

small release amount but only after subjecting the irradiated samples to high shear forces [31] or 359 

water spraying [17]. Except under very high shear [31], where some free standing MWCNTs were 360 

observed, most of the release fragments under severe mechanical stresses contained MWCNTs 361 

embedded in, or protruded from, the matrices. Additionally, by the use of a probe in an AFM 362 

instrument, our previous study has demonstrated that the UV irradiation-induced MWCNT surface 363 

layer is more resistant to scratching than the neat epoxy matrix [37]. In summary, the results of the 364 

present study and those from the literature strongly suggest that, in the absence of strong applied 365 

mechanical forces, the MWCNTs formed on the surface of polymer nanocomposites after exposure 366 



to weathering environments or UV radiation are unlikely to be released. It should be noted that the 367 

observation of a lack of spontaneous release of MWCNTs after UV irradiation of nanocomposites 368 

was studied for only a high aspect ratio MWCNT in a model, unstabilized thermoset epoxy matrix 369 

that has a good adhesion with this carbon nanofiller and is known susceptible to degradation by 370 

the weathering environments. Additional research is needed on the potential release of MWCNTs 371 

having low aspect ratios in more hydrophobic thermoplastic matrices, such as polyolefins, to 372 

provide essential data for a more complete assessment of the release of MWCNTs from 373 

nanocomposites exposed to UV radiation or weathering conditions.  Further investigation is also 374 

needed on the effects of mechanical stresses, such as abrasion, and environmental stresses such as 375 

free-thaw cycles or hail storms, on the potential rerelease of MWCNTs during UV irradiation or 376 

weathering of nanocomposites. Nevertheless, given the lack of evidence of spontaneous release 377 

(no applied external stresses) after irradiating to a very high dose of UV radiation or for a long 378 

time at high UV intensity, we propose the following plausible mechanisms to explain the strong 379 

release resistance of individual MWCNT from the UV- or weather-induced MWCNT surface 380 

layer.   381 

3.4.1. Embedded CNTs in Matrix  382 

 383 

  This mechanism is illustrated in Figure 7a. Although increasing amounts of MWCNTs are 384 

exposed on the surface as the matrix is degraded by UV irradiation, parts of some protruding 385 

MWCNTs are still embedded (anchored) in the matrix. Due to their strong adhesion with most 386 

polymers, the embedded MWCNTs are not likely to leave the nanocomposite surface without 387 

breaking the matrix. The strong MWCNT-polymer adhesion is due to the similarity of surface free 388 

energies between these two materials. MWCNTs have a surface free energy (γs) of approximately 389 

45.3 mJ/m2 [50], which is similar to that of amine-cured epoxy (46.2 mJ/m2) [51] and higher than 390 



that of most common polymers [52]. A filler will be readily wetted (low contact angle) by a matrix 391 

when the surface energy of the filler is similar to or higher than that of the matrix resin. Therefore, 392 

MWCNTs should form strong bonds with most polymers [50, 53]. For the bisphenol A-based 393 

epoxy matrix used in this study, the adhesion is enhanced by the π-π interactions between the 394 

MWCNT surfaces and the aromatic units in the epoxy resin [54, 55]. Such interactions have been 395 

found to result in approximately 30 % and 44 % higher interfacial fracture energy and bonding 396 

strength (pull-off), respectively, between MWCNTs and epoxy than those between MWCNTs and 397 

non-aromatic polymers [55].       398 
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 436 

Figure 7. Schematic figures showing two of the four likely mechanisms responsible for the 437 

release resistance of UV-induced MWCNT surface layer; a) matrix-embedded MWCNT, and b) 438 

MWCNT are bonded by partially-degraded matrix.  439 

 440 

 441 



3.4.2.  CNT Entanglements 442 

  Another reason for the strong release resistance of the MWCNT surface layer is attributed 443 

to their entanglement characteristics. As seen in Figure 4, the MWCNT surface layer appears as a 444 

dense, entangled network. Similar entangled networks have been observed for MWCNT 445 

accumulation on the sample surface of other MWCNT polymer nanocomposites exposed to 446 

weathering environments  [14, 17, 28, 31, 37]. The entangled MWCNT network formation is not 447 

unique to the surface layer formed by the UV irradiation of nanocomposites, but is generally 448 

observed in polymer nanocomposites made of both SWCNTs and MWCNT, even at low loadings 449 

[56, 57]. The main driving force for CNT entanglements is their large aspect ratio and the van der 450 

Waals interactions between different parts of the CNTs. That is, when the two ends of a CNT that 451 

has a length greater than a critical length get closer, they will join to each other under the driving 452 

force of van der Waals interactions, and a racket-like, folded CNT is formed [58]. Entanglement 453 

is one of the main mechanisms responsible for the increase of load transfer in polymer CNT 454 

composites [58], and has been modeled by different methods [57, 58]. We believe this CNT 455 

entanglement provides a strong mechanical hooking that prevents individual MWCNT from 456 

leaving the MWCNT surface layer, even under applied mild mechanical stress such as sonication.  457 

In particular, the entanglement is likely an important mechanism to preventing some protruded 458 

MWCNTs that are no longer embedded in the matrix from releasing because they still interweave 459 

with the embedded ones.                         460 

3.4.3. Matrix-CNT Bonding in the MWCNT Surface Layer   461 

Another reason that can also contribute to the release resistance of the UV-induced 462 

MWCNT surface layer is the bonding between the MWCNTs and the partially-degraded matrix in 463 



this layer. This is illustrated in Figure 7b, which shows some MWCNTs or their bundles in the 464 

entangled MWCNT surface layer are still bonded together by residual or partially-degraded matrix 465 

material.  For samples with MWCNTs well dispersed in the polymer matrix, which is the case for 466 

this study, previous work [42] has shown that each MWCNT or each small MWCNT bundle is 467 

completely covered by the matrix. As the matrix is degraded and the MWCNT surface layer is 468 

formed by irradiation, it is expected that, depending on the UV dose level, parts of some tubes or 469 

their bundles in this layer are still covered with the matrix material, particularly for areas that are 470 

not directly exposed to the radiation. This matrix material can provide a strong bonding between 471 

two or more MWCNTs and their bundles, and can effectively reduce their possibility for release.   472 

3.4.4. van der Waals Interactions between MWCNT.  473 

The van der Waals interactions between the MWCNT can also potentially prevent them 474 

from leaving the surface layer formed during UV irradiation or weathering. The van der Waals 475 

interaction between two carbon nanotubes has been measured to be ≈ 500 eV/μm [59]. This strong 476 

interaction between CNTs is the main reason for their tendency to aggregate with each other and 477 

the need for application of high energy mixing to disperse them in polymeric materials. When the 478 

matrix in the MWCNT surface layer is completely removed by UV radiation or weathering 479 

environments, the matrix-free MWCNTs would likely still stick together because of their strong 480 

van der Waals interactions. Although such an interaction is weaker than that between the 481 

MWCNTs and the polymer matrix, binding between the protruded, matrix-embedded MWCNTs 482 

and protruded, non-embedded MWCNTs can potentially inhibit the latter from releasing from the 483 

MWCNT surface layer.   484 



These mechanisms for the release resistance of the MWCNTs formed on the 485 

nanocomposite surface subject to UV irradiation are proposed based solely on known material 486 

properties of the MWCNT and its interaction with an amine-cured epoxy. Experimental data are 487 

needed using very short MWCNTs so that the entanglement phenomenon is eliminated and the 488 

extent of van der Waals force interactions between CNTs is substantially reduced in both amine-489 

cured epoxy and hydrophobic polyethylene matrices to verify some of these proposed mechanisms.                          490 

4. Conclusions 491 

This study has investigated the degradation of a 0.72 % MWCNT/amine-cured epoxy 492 

nanocomposite exposed to UV radiation at various doses, the effects of these UV exposures on the 493 

surface accumulation and release of MWCNTs, and possible mechanisms responsible for the 494 

strong release resistance of the MWCNT surface layer formed on nanocomposites by UV 495 

irradiation. Irradiated samples were characterized for chemical degradation, mass loss, surface 496 

morphological changes, and MWCNT release using a variety of analytical techniques. The results 497 

showed that, under UV radiation, the epoxy matrix underwent photodegradation that produced an 498 

accumulation of MWCNTs on the surface.  The MWCNT aggregated and formed a dense, 499 

entangled network structure that decreased the degradation of the epoxy polymer layer underneath, 500 

an identical finding to that obtained after UV irradiation of the 3.5 % MWCNT epoxy 501 

nanocomposite samples.  This also reduced the MWCNT surface layer growth with increasing UV 502 

dose.  No evidence of MWCNT release was observed during UV irradiation, even at a very high 503 

dose (4865 MJ/m2, equivalent to 9-month exposure). We believe such strong resistance to release 504 

of the MWCNT surface layer formed by UV irradiation of polymer nanocomposites is due to four 505 

main mechanisms: 1) part of the surface-exposed MWCNTs are still embedded in the polymer 506 

matrix, 2) the entanglement propensity of CNTs, which mechanically hook matrix-free MWCNTs 507 



with matrix-embedded MWCNT, 3) surface-exposed MWCNTs are still bonded together by 508 

partially-degraded matrix, and 4) strong van der Waals interactions between matrix-free 509 

MWCNTs. Additional research is needed to investigate the relative impact of these four different 510 

mechanisms for different types of MWCNT polymer nanocomposites and MWCNT loadings and 511 

how these mechanisms would influence the potential for CNT release after additional 512 

environmental and mechanical stresses. Understanding the processes that cause the formation of 513 

the MWCNT surface layer and the underlying reasons that hinder or facilitate the release of 514 

MWCNTs from polymer nanocomposites exposed to weathering elements can play a critical role 515 

in the design of safe, sustainable nanocomposites for applications in various industries.            516 

Disclaimer: Certain commercial product or equipment is described in this paper in order to 517 

specify adequately the experimental procedure.  In no case does such identification imply 518 

recommendation or endorsement by the National Institute of Standards and Technology, nor does 519 

it imply that it is necessarily the best available for the purpose.   520 
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